Transport of critically ill intensive care unit (ICU) patients may be hazardous. In this study, we examined the use of a portable head CT scanner (CereTom A ) in the ICU to assess its feasibility, safety, and radiological quality. Two hundred and twenty-five portable head CT scans were obtained from 114 patients (mean age = 57 T 18 years) treated in a neurosurgical intensive care unit at a university-based Level I trauma center. Patient radiological and ICU records were retrospectively reviewed. The vast majority of portable CT scans were performed after an intracranial procedure (24%) due to neurological deterioration (16%) or in routine follow-up (16%). Diagnostic quality was judged to be adequate, and no scans needed to be repeated because of poor quality. No scans were complicated by accidental disconnection of an intravenous line. In ventilated patients, there were no interruptions in mechanical ventilation and no inadvertent extubations. In addition, continuous intracranial monitoring, when in use, remained connected. The average total time to perform a portable head CT scan was 19.5 T 3.5 min. The actual scan time was 2.5 T 0.7 min. These results suggest that the portable CT scanner (CereTom A ) is feasible, easy to use, and safe and provides adequate radiological quality for diagnostic decisions.
). Transport of patients within the hospital to the radiology suite also is associated with logistical and safety issues and may require a significant amount of care provider time. Together, these various factors can increase the risk of secondary neuronal injury.
Although patient risk can be reduced with increased staffing, careful planning, and use of appropriate equipment, unexpected complications remain common during IHT; when they do occur, they may be difficult to treat (Lahner et al., 2005; Warren, Fromm, Orr, Rotello, & Horst, 2004) . Consequently, point-of-care testing may be appropriate for some patients because it may decrease the time needed for critical decision making, reduce adverse clinical events, and contribute to economic savings (Kendall, Reeves, & Clancy, 1998; Halpern et al., 1998) . Portable HCT scanners allow an HCT to be performed at the patient's bedside and are an excellent example of point-of-care testing that potentially reduces time delay in critical decision making and intervention and reduces the risks of IHT (Gunnarsson et al., 1999) . Newer portable scanners that have become available in North America in recent years can now produce high-resolution, high-quality images that are comparable with standard scanners. In addition, portable scanners can now support nonenhanced and enhanced imaging, CT angiography (CTA), and bolus contrast perfusion as well as Xenon CT blood flow studies, increasing their versatility and use in the neuro ICU (NICU). A portable CT scanner recently was introduced to our ICUs. A descriptive review was performed to examine its use. The goals of this study were to examine feasibility, indications, radiological quality, staff involvement, time to perform a scan, and radiation safety.
Methods

Patient Population
Patients admitted to the Hospital of the University of Pennsylvania, a Level I trauma center and a certified Joint Commission Primary Stroke Center, who received portable CT scans within the NICU, trauma surgical ICU (TSICU), or cardiothoracic surgical ICU (CTSICU) were included in this analysis. Approval for the study was obtained from the institutional review board; consent was waived. The patients were studied retrospectively between February 26, 2007, and June 21, 2007 , a period that corresponded to the introduction of portable CT scanning to the ICUs and as required by the institution's New Technology Committee to examine the feasibility of portable CT scanning. Patients underwent a portable HCT scan at the discretion of their treating physician on the basis of clinical presentation and necessity. The treatment protocol for portable HCT scans at our center includes the following: (a) a neurological decline after a craniotomy, (b) a suspected postoperative hemorrhage, (c) follow-up imaging after acute traumatic brain injury, and (d) an ICU patient who experiences acute neurological decline and is a high transport risk, for example, mechanical ventilation, administration of vasopressors, or cerebral and/or hemodynamic monitoring.
Portable HCT Scan
Patients were examined using the CereTom A portable eight-slice CT scanner (NeuroLogica Corporation, Danvers, MA), a high-speed, lightweight device that runs on batteries and is charged from a standard threeprong (100y) outlet. The following parameters were used for this study: 120 kV, 7 mA, standard sharpness, and standard resolution (4-s scan), CTDIw = 80 mGy. Three 5-mm axial sections were acquired per 4-s scan to a maximum of 46 images total, and an additional reconstruction at 2.5-mm intervals was typically performed after initial data acquisition. Since this study was completed, we now use low-dose resolution (2-s scan) to decrease radiation exposure. Although this increases image noise, it is still sufficient for image interpretation in the ICU. The scanner also is capable of performing CTA and bolus contrast CT perfusion studies as well as Xenon CT perfusion. The scanner was available for use Sunday through Saturday between the hours of 7:00 a.m. and 3:30 p.m., when CT technical support was available in the ICU.
Bedside Scan Preparation
The charge nurse and the CT technologists developed a patient order list for portable CT scans after morning rounds. Two technologists then retrieved the portable CT scanner from the ICU storeroom. The patient's data were loaded onto the acquisition screen of a laptop connected remotely to the portable scanner, and the scanner was brought to the patient's room. The ICU nurse assisted with patient set up, which required the portable scanner to be placed according to the furniture arrangement in each individual room to be minimally intrusive. The patient's head of bed was Portable CT scanners that produce high-resolution, high-quality images comparable to those generated by nonportable machines are now available for routine use in intensive-care settings.
oriented toward the ventilator to reduce the risk of extubation. Similarly, intravenous pumps and tubing, multimodality brain monitors, ventilator tubing, Foley catheters, and lower leg compression devices were carefully aligned to prevent inadvertent disconnection. The patient was placed in supine position, and a bed extension with a cradle for the head was attached to the bed. A lift system (GH2; Guldmann Inc., Tampa, FL) was used to lift the patient and lower them onto the bed extension ( Figure 1A ). The scanner gantry was lined up with the cradle and slid into place up to the cervical spine. The scanner position was checked with a laser, and a lead shield was placed over the open end of the device. Scans were initiated from the laptop outside the patient's room. The radiologic technicians (RTs) informed all ICU staff in the immediate area that a CT scan was about to begin, and all staff exited the patient's room. The scanner performed two slices per rotation then automatically slid into place for the next series of slices. Neurointensivists were able to view images in real time from the laptop and make immediate management decisions. The images were then uploaded directly to the hospital's picture archiving and communication system after study completion. The scanner was moved out of the room, and the patient's bed was returned to its normal position. Intravenous lines connected to the patient were checked for entanglement or disconnection. The scanner was readied for the next patient or returned to the storeroom for recharging.
Data Collection
Data for each scan were retrieved from the portable CT scan log. Clinical information including gender, age, admission Glasgow Coma Scale (GCS), admission diagnosis, GCS at the time of scan, rationale for the scan, and scan outcome was collected retrospectively from ICU flow sheets completed by nursing staff. For this study, individual patient scans were reviewed in the picture archiving and communication system by the treating physicians, judged for diagnostic quality, and compared with the original report generated by the radiologists at the time of the scan.
ICU Staff Survey
ICU nursing staffs, physicians, and RTs from the NICU, CTSICU, and TSICU were surveyed about portable CT scanner use. Each member of the ICU staff and the CT portable technician team were asked to complete a seven-question survey. Healthcare providers were made aware of the survey through a mass e-mail. The survey was conducted over 10 days.
Results
Patient Population
Between February 26, 2007, and June 21, 2007, 225 portable HCT scans were obtained from 114 patients. This represented 27% of all HCT scans performed on NICU, CTSICU, or TSICU patients during the same period. There were 65 men and 49 women with a mean age of 57 T 18 years. Table 1 lists patients' admission GCS and diagnosis. One hundred and six patients (93%) had undergone a surgical procedure.
Patients and CT Scans
Seventy-three patients (64%) received one portable HCT scan, 18 patients (16%) received two scans, 9 patients (8%) received three scans, and 14 patients (12%) received more than three scans during their ICU stay. Four Xenon CT perfusion scans were performed using the portable scanner during the study period. The clinical indications for the portable HCT scans are listed in Table 2 . Intracranial monitors used to measure intracranial pressure including ventriculostomies or Camino intracranial pressure monitors (Integra Neuroscience, Plainsboro NJ), brain oxygen (LICOX, Integra Neuroscience), microdialysis catheters (CMA-70 microdialysis probes and CMA 106 FIGURE 1 Portable CT Scanners in Use FIGURE 1
Note. (a) ICU patient being lifted into the portable CT scanner while he remains connected to his monitors, ventriculostomy, and multiple infusion pumps. (b) A patient with multiple intracranial monitors that fit easily into the portable HCT scanner. perfusion pump; CMA, Stockholm, Sweden), and scalp electrodes for continuous electroencephalogram easily fit into the portable CT scan opening ( Figure 1B ). During portable HCT scanning, continuous intracranial and systemic monitoring was continued without interruption in each patient. No scans were complicated by accidental disconnection of an intravenous line or disconnection from mechanical ventilation.
CT Scans
The average total time to perform a portable HCT scan (from CT scan setup by the technician, patient preparation, to completion of the scan and equipment removal) was 19.5 min and ranged from 17 to 22 min. The median actual scan time was 2.5 min (range = 2Y3 min). The remaining time was required for room and patient setup, and this usually required two RTs and one ICU nurse. Five patients can be scanned consecutively before the portable scanner loses power. However, if the device is plugged into a standard electrical outlet between scans, more patients can be scanned in a given period.
Radiation
Radiation was emitted from the portable scanner at an angle of 45-and spread outward 10 ft. During a scan, the radiation dose to the patient's head was 0.025 2Sv. Measurements taken at 6 and 10 ft away in front of the scanner demonstrated radiation exposure free-inair of 50 and 139 2R, respectively (129 kVp at 7 mA for 3 min). Radiation badges worn the first year demonstrated that staff were not exposed to radiation; thus, staff are no longer required to wear the badges.
Radiological Findings
The radiological findings described at the time of the scan are listed in Table 3 . Management changes were made after 108 (48%) of the portable HCT scans that were obtained. Post hoc blinded review of all CT scans by an independent neurosurgeon or agreed with the original diagnosis described by the radiologist in 197 scans (88%). The differences were largely semantic, for example, ''subacute versus evolving infarct.'' None were clinically significant or altered management. Two hundred and sixteen scans (96%) were Note. GCS = Glasgow Comal Scale.
judged to be of adequate quality for diagnostic use. No patient required transport to the radiology suite because an image was unclear on portable CT.
Survey on Use of Portable HCT Scan in the ICU
Seventy-three surveys were completed. Respondents included 13 RTs (18%) who support the portable CT program, 4 physician providers (5.5%), 4 nurse practitioners (5.5%), 2 respiratory therapists (2.7%), 48 ICU nurses (66%), 1 nurse manager (1.4%), and 1 certified nurse's aid (1.4%). Twenty-one surveys (29%) were returned from the NICU, 19 (26%) were returned from the CTSICU, and 18 (25%) were returned from the TSICU. Two hundred and twentynine nurses work in these three ICUs; that is, 21% of possible nurse respondents replied. Two physicians and 13 RTs circled all three ICUs because they care for patients across the hospital's ICUs. The results of the survey are listed in Table 4 .
Case Studies Case 1
A 22-year-old man was admitted to the emergency department after a motorcycle accident. His admission GCS was 3 and the initial emergency department HCT scan revealed right frontal and temporal contusions, bilateral subdural hemorrhages, and a subarachnoid hemorrhage (Figure 2A ). The patient was admitted to the NICU for observation and follow-up. A portable HCT scan was obtained after an intracranial monitor was placed. The evolution of traumatic intracranial hemorrhage was easily assessed ( Figure 2B ).
Case 2
A 62-year-old woman was admitted to the hospital with an acute loss of consciousness and a left hemiparesis. Admission HCT revealed a large right centrum semiovale intracerebral hematoma and intraventricular hemorrhage ( Figure 3A) . A craniotomy was performed, the hematoma was partially evacuated, and a right frontal ventriculostomy was placed. A portable HCT scan was performed postoperatively (Figure 3B ), documenting the partial evacuation of the hematoma, the location of the ventriculostomy, and the evolution of intraventricular hemorrhage and hydrocephalus.
Discussion
In this descriptive review, we examined the initial use of a portable HCT scanner in the ICU. We reviewed the first 225 portable HCT scans and found that the scans could be performed on a routine basis, and in a short time, radiological quality was adequate and complications were rare. Physicians caring for the patients believed that the radiological quality was adequate for bedside clinical decision making. Furthermore, use of the portable CT scanner meant that no patient required disconnection from a ventilator or intracranial monitors to undergo an imaging study. Our experience has encouraged us to increase the time that the portable CT scanner is available for use and to implement its use in other ICUs. 
Study Limitations
This is a purely descriptive study of our initial experience with a portable CT scanner. Consequently, there was a learning curve associated with its use as we developed protocols. The data do not allow us to conclude that portable CT scanner use is associated with fewer secondary cerebral insults or better patient outcome. However, because we did not need to disconnect patients from their ventilators or intracranial monitors and did not observe any inadvertent disconnection of intravenous lines, we expect that the risk of secondary cerebral insults will be reduced. At the time of the study, we lacked the radiological support required to perform CTA; therefore, we were not able to evaluate the feasibility of this type of scan. This study was conducted over a short period, and scans were obtained during regular working hours. Whether the same results would be obtained over a longer period of evaluation or during ''off'' hours is not known. Finally, this study was conducted at a single center and so lacks external validity.
Intrahospital Transport
Technical mishaps, including inadvertent ventilator disconnection and problems with monitoring equipment, have been associated with IHT, and greater than 50% of IHTs involve some difficulty during transport that is either patient or equipment related (Doring et al., 1999; Lovell et al., 2001) . Even the shortest transports can have an adverse effect on patient outcome or lead to unexpected events that may compromise patient care (Andrews et al., 1990; Bercault et al., 2005; Papson et al., 2007) . In our own center, 157 transports of critically ill patients requiring HCT scans were recorded, and the average time of transport was 47 min with transport times ranging from 20 to 240 min. IHT is a well-known risk factor that can exacerbate the pulmonary function of intubated patients because of disconnection from a ventilator (Marx et al., 1998; Szem et al., 1995; Waydhas, Schneck, & Duswald, 1995) . Our own audit process demonstrated an increased risk for hyperventilation associated with excessive manual bagging resulting in a decrease in arterial PCO 2 , which can then adversely affect brain oxygenation (PbtO 2 ); this deleterious effect is greater when PbtO 2 is already compromised (Swanson et al., in press) . A recent study compared the incidence of ventilator-associated pneumonia in patients transported outside the ICU with patients that did not undergo IHT. Although both populations had similar mortality rates, the transported group had a higher incidence of ventilator-associated pneumonia (Bercault et al., 2005) . Together, these events during IHT may contribute to secondary neuronal injury.
The Potential Benefits of Portable HCT Scans
There are several inherent advantages to portable CT scanners that may benefit the patient, the staff, and the hospital. First, point-of-care technology, unlike IHT, means that the patient remains in their bed and care is not interrupted. This includes continuous intracranial monitoring and no change in ventilator support. This may be an important factor in reducing secondary cerebral insults because IHT may be associated with a compromise in lung function or oxygenation. Furthermore, the technological advancements in portable HCT scanners mean that high-quality Xenon CT perfusion, contrast enhanced, and CT angiograms can also be obtained at the bedside. This increased diagnostic capability can help guide patient care. Second, new treatments may be initiated sooner because the treating physicians can rapidly diagnose new radiological findings and review these at the bedside. Third, staff satisfaction can be increased because ICU nurses remain in a safe and controlled environment with their patients (Gunnarsson et al., 1999) . In addition, there may be fewer staff injuries associated with moving patients and, particularly with critically ill patients, the equipment needed during transport. Fourth, there may be an economic benefit independent of any effect on patient outcome. For example, fewer staff is needed to perform the portable CT scan, ICU nurses do not leave other patients, and there may be fewer staff injuries.
Conclusions
Review of our initial experience using a portable CT scanner suggests that it is easy to implement, feasible, and safe. In addition, we found that healthcare providers quickly embraced the technology, and most preferred using a portable HCT scan because they believed that it improved patient safety. There was an initial learning curve of approximately 1 month, and this was facilitated by close communication and teamwork between the radiology staff and technicians, the ICU nurses, and the treating physicians. In addition, the design of standard protocols has facilitated easy implementation of portable HCT scan use. Further study will be necessary to determine if portable CT scans make a difference in patient outcome and in ICU nurse safety. However, it is our belief that portable CT scanning should improve patient care because enhanced patient safety is likely to result from use of this point-of-care technology.
